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Abstract
Substructures of oﬀshore wind turbines are exposed to irregular sea states that are generally deﬁned using wave spectra. The waves
undergo transformations due to non-linear wave-wave interactions and due to interaction with the structures they are incident on.
In the present study, simulations of regular and irregular wave interaction with a vertical cylinder are carried out using the open-
source Computational Fluid Dynamics (CFD) model REEF3D. The model solves the Reynolds Averaged Navier-Stokes (RANS)
equations over the entire domain and provides detailed information regarding the wave hydrodynamics including ﬂuid pressure,
velocities and the free surface. The non-linear wave-wave, wave-structure interactions and the turbulence in the ﬂow are accounted
for in the solution of the RANS equations. In this way, detailed ﬂow features around the cylinders can be visualised and analysed.
The numerical model is veriﬁed with the analytical equations for the loads on a cylinder under regular waves. Further, simulations
are carried out for irregular waves generated using the JONSWAP wave spectrum and the wave force spectrum is calculated. The
wave spectrum for the diﬀerent wave gauges around the cylinder are compared. The free surface features around the cylinder are
visualised and correlated to the wave forces on the cylinder. It is observed that the regular waves with higher steepness show a
clear diﬀraction pattern around the cylinder. For the irregular waves, the diﬀraction pattern is less developed and irregular.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of SINTEF Energi AS.
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1. Introduction
A pre-insight into the wave loads is very important in design and operation of the oﬀshore structures. A real sea
state is completely irregular, three-dimensional and unsteady, which makes the study of irregular waves and irregular
wave forces crucial in oﬀshore engineering applications. Irregular waves can be represented by the super-positioning
of linear regular wave components. Fast fourier transformation (FFT) can be used to simplify the random sea surface
into a summation of linear waves. There are various wave spectra available to deﬁne an irregular sea state depending
on the sea conditions, e.g. Pierson-Moskowitz spectrum, JONSWAP spectrum, Bretschneider spectrum. A wave spec-
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trum describes the distribution of the wave energy over a frequency range. Most of the statistical wave parameters
such as the signiﬁcant wave height, maximum wave height, down- and up-crossing time period, can be calculated
from the wave spectrum [1]
Many experiments have been performed to study irregular wave propagation. Tørum et al. [2] conducted an experi-
mental study for long crested irregular waves to understand the irregular wave kinematics. Onorato et al. [3] studied
the statistical properties of the surface elevation for long crested waves in deep water characterized by the JONSWAP
spectra with random phases. Beji et al. [4] investigated irregular wave propagation over a submerged bar and exam-
ined the wave transformation processes such as wave breaking and wave shoaling. Goda et al. [5] employed the FFT
in order to analyse the results from their random wave experiments. Ohl et al [6], studied the wave diﬀraction forces
by irregular waves on an array of cylinders. They presented measurements for the variations of the wave heights in the
vicinity of a multi-column structure. Linear diﬀraction theory for random seas was used to predict the wave spectral
diﬀraction.
Several numerical studies are performed to model the irregular waves. Computational ﬂuid dynamics (CFD) can be
used to study wave hydrodynamics. CFD is widely used in the ﬁeld of the marine and oﬀshore engineering to model
regular waves and regular wave forces. Westphalen et al. [7] and Hu et al. [8] simulated the wave forces on a par-
tially submerged cylinder without using any turbulence model for wave energy convertors using CFD. They compared
their numerical results with experimental data [9]. CFD results show good comparison with the experimental results.
Alagan Chella et al. [10] used the two-phase CFD model REEF3D to investigate the characteristics and proﬁle asym-
metry properties of wave breaking over an impermeable submerged reef. Kamath et al. [11] investigated the wave
interaction with a pair of large tandem cylinders. They presented the changes in diﬀraction pattern around the cylinder
for diﬀerent wave steepnesses. They also investigated the diﬀerences between the theory and numerical results for
the waves with higher steepness. Kamath et al. [12] studied the upstream and downstream cylinder inﬂuence on the
hydrodynamics of a four cylinder group using the CFD model REEF3D. A good agreement between the experimental
and numerical values was observed.
In the present study, the open-source CFD model REEF3D is used to investigate irregular wave forces on a vertical
large cylinder. First, the model is veriﬁed for the regular and irregular waves in a numerical wave tank without any
structure including grid reﬁnement study. Further, the numerical model is veriﬁed for the wave forces on a large
cylinder under regular waves by comparing the numerical results with analytical solutions. Further, the irregular wave
forces on a large cylinder are also investigated and compared with the results from Morison equation.. The free surface
features around the cylinder are also presented and discussed.
2. Numerical Model
2.1. Governing equations
The CFD model REEF3D uses the incompressible Reynolds Averaged Navier-Stokes (RANS) equations. The
momentum conservation equation together with the continuity equation deﬁnes the RANS equations :
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where, u is the velocity averaged over time t, ρ is the ﬂuid density, p is the pressure, ν is the kinematic viscosity,νt is
the eddy viscosity, i and j denote the indices in x and y direction, respectively and g is the acceleration due to gravity.
The projection method given by Chorin [13] is used for solving the pressure in the Navier- Stokes equations. Bi-
Conjugate Gradient Stabilized (BiCGstab) is employed in the numerical model for treating the Poisson pressure
equation [14].
The numerical model uses the ﬁfth-order ﬁnite diﬀerence weighted essentially non-oscillatory (WENO) scheme [15].
WENO schemes linearly combine or reconstruct the lower order ﬂuxes to obtain a higher order approximation. The
locally smoothest stencil is automatically chosen by employing a nonlinear adaptive procedure. This way, the crossing
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of discontinuities in the interpolation technique is avoided. An explicit third order Runge-Kutta total variance dimin-
ishing (TVD) scheme is used for time discretization. This scheme suppresses the local extrema and rules out spurious
oscillations [16]. An adaptive time stepping scheme is used [17]. The Cartesian grid (dx=dy=dz) is employed in the
numerical model for easier implementation of higher order discretization schemes. For the representation of the com-
plex geometries in a deﬁned domain, the ghost cell immersed boundary method (GCIBM) is used [18]. The numerical
model uses the the k − ω model [19] along with the Reynolds-Averaged Navier Stokes (RANS) equation to model
the turbulence. It is a two-equation model based on the energy transport equations. The numerical model uses the
level set method for modelling the free surface [20]. It is deﬁned such that φ(x, t) = 0 at the interface. Away from the
interface, the closest distance of the point from the interface deﬁnes its value and the sign represents the phase. The
relaxation method is used in the present numerical model to generate and absorb waves [21]. A numerical beach is
used at the end of the numerical wave tank (NWT) to absorb waves. In the present work, the wave generation zone is
one wavelength long and the numerical beach extends over two wavelengths.
2.2. Irregular Waves
The numerical model uses ﬁrst-order irregular waves which are obtained by the summation of linear regular wave
components. The free surface elevation η is deﬁned as:
η =
N∑
i=1
Aicosθi (3)
Ai =
√
2S iΔωi (4)
θi = kix − ωit + 
i (5)
ki =
2π
λi
(6)
where, S i = Spectral density, N is the number of waves, θi is the phase of each wave component, Ai is the amplitude
of each wave component, λi is the wavelength of each component, 
i is a random phase angle between 0 and 2π, ωi is
the angular fequency and ki is the wave number of each wave component.
The present study utilizes the JONSWAP spectrum for the generation of irregular waves. The JONSWAP spectrum is
used to describe a partially developed sea state. The input values to the spectrum are the signiﬁcant wave height Hs,
the peak angular frequency ωp and the number of components N:
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σ = 0.07, when ω < ωp
σ = 0.09, when ω > ωp
γ = Dimensionless peak shape parameter = 3.3
Aγ = Normalising Factor= 1 - 0.287 ln (γ) The frequency interval, Δω is given as:
Δω =
ωs − ωe
N
(8)
where, ωs and ωe are the lower and the upper limits of the angular frequency range. The frequency spectrum, S js(ω)
gives the distribution of the wave energy as a function of angular frequency ω.
2.3. Numerical wave force calculation
In the numerical model, the force is calculated by integrating the pressure around the cylinder. First the surface
elevation is accurately determined and then pressure is calculated around it. The pressure is then integrated over the
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Fig. 1: Setup of the numerical wave tank without any structure (plan view)
surface, Γ for calculating the force. It can be expressed as:
F =
∫
Γ
(−np + n.τ)dΓ (9)
where, p represents the pressure and τ is normal component of the stress tensor.
3. Results
3.1. Regular wave propagation and wave force on a vertical large cylinder
3.1.1. Validation for the regular wave propagation
Numerical simulations are performed for the regular waves in a numerical wave tank (NWT) without any structure.
The tests are conducted for the waves with diﬀerent wave steepnesses (H/L), where H is the incident wave height
and L is the incident wave length. Wave-steepness is deﬁned as the ratio of the wave height and wave length. A
two-dimensional numerical wave tank of length 15 m and height of 1 m with a water depth of 0.5 m is used in the
present study. The setup of numerical wave tank is shown in Fig. 1. Table 1 shows the summary of simulations in
the present study. For the ﬁrst case, regular waves with a wave height H of 0.0050 m and period T = 1.2 s are used.
Linear wave theory is used for wave generation in case 1. Case 1 is considered for the grid reﬁnement study for three
diﬀerent grid sizes, dx = 0.10 m, 0.05 m and 0.025 m.
Table 1: List of the simulation cases
Case No. Wave parameters Type of waves Order of waves Subject of investigation
Case 1 H=0.0050 m, T=1.2 s Regular Linear Wave propagation and wave force
Case 2 H=0.050 m, T=1.2 s Regular Second-order Stokes Wave propagation and wave force
Case 3 Hs=0.030 m, Tp=1.2 s Irregular First order Wave propagation
Case 4 Hs=0.050 m, Tp=1.2 s Irregular First order Wave propagation and wave force
Fig. 2 presents the comparison of numerical and theoretical results for free surface elevation values over time. It is
noticed from Fig. 2(a) that the numerical free surface elevations for grid size dx = 0.10 m at x = 2 m (Fig. 1) show a
reasonable match with the theory, but the numerical free surface elevations at x = 8 m show slightly lower values than
the theory (Fig.2(b)). A good match is seen between the numerical and theoretical results for the wave gauge located
at x = 2 m for the grid size dx = 0.05 m, but some damping is observed for the numerical free surface elevations at x
= 8 m (Fig.2(b)). For the grid size dx = 0.025 m, a good match is obtained between the numerical and theoretically
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Fig. 2: Comparison of numerical and theoretical free surface elevations over time for H = 0.0050 m, T = 1.2 s (Case 1)
predicted free surface elevation values for both the wave gauges at x = 2 m and 8 m. The grid size dx = 0.025 m is
used for the further simulations.
Fig. 3 presents the comparison of the numerical and theoretical free surface elevations over time for case 2. For this
case, regular waves with the wave height H = 0.050 m and period T = 1.2 s are used. Second-order Stokes theory is
employed in this case. The grid size dx = 0.025 m is used. It appears that the numerical surface elevation results for
both the wave gauges located at x = 2 m and 8 m are in a good agreement with the theoretical results. The free surface
elevation for both cases (case 1 and case 2) are well represented in the numerical simulations.
3.1.2. Regular wave force on a vertical cylinder
The numerical simulations are conducted with regular waves in the NWT with a vertical cylinder placed in it. The
NWT is 15 m long, 5 m wide and 1 m deep with a water depth d = 0.5 m. The vertical cylinder of diameter D = 0.50
m is placed at a distance x = 7 m. The wave generation zone and the numerical beach are one wavelength and two
wavelengths long, respectively. Fig. 4 presents the setup of numerical wave tank with a vertical cylinder in it with
wave gauges located around the cylinder. The numerical free surface elevations are compared for the diﬀerent wave
gauge locations around the cylinder as shown in Fig. 4.
The numerical model is validated by comparing the numerical wave forces with the maximum and minimum analyt-
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Fig. 3: Comparison of numerical and theoretical free surface elevations over time for H = 0.050 m, T = 1.2 s, dx = 0.025 m (Case 2)
ical forces calculated using the MacCamy-Fuchs equation [22] and Morison equation [1]. In case of large cylinders,
the contribution due to drag force can be neglected. Morison equation can be applied for large cylinders using value
of inertia coeﬃcient, Cm = 2 [23]. The value of equivalent MacCamy-Fuchs coeﬃcient is 1.91. It is calculated using
the equation given by Sarpakya et al.,(1981) [1]. As shown in Figs. 7 and 8, the waves undergo diﬀraction which
decreases the wave height in the vicinity of cylinder. The wave amplitudes measured by the wave gauge located beside
the cylinder during wave-cylinder interaction is used for the calculation of Morison force. The numerical simulations
are performed for case 1 and case 2 shown in Table 1.
Fig. 5 presents the comparison of the numerical and the analytical wave forces calculated using the MacCamy-Fuchs
equation and the Morison equation on the cylinder. It is noticed from Fig. 5 (a) that the numerical wave force agrees
well with the analytical force values from both MacCamy-Fuchs and Morison theory for case 1. Fig. 5 (b) shows the
results for the case 2 with H = 0.050 m and T = 1.2 s. It is noticed that the MacCamy-Fuchs theory over predicts
the magnitude of wave forces for the higher order non-linear waves by approximately 9 percent . This is a similar
observation to the results presented by Kamath et al., [11]. The wave force on large cylinders is reduced due to the
non-linear wave-cylinder interaction. The MacCamy-Fuchs equation predicts the wave force to increase linearly with
the the wave height H for a given cylinder diameter D. It does not take into account the non-linear wave-cylinder
interaction due to the non-linearity of waves at higher steepnesses. However, the Morison equation gives a reasonably
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Fig. 5: Comparison of numerical wave force with analytical wave force over time for dx = 0.025 m
good match with numerical results for both case 1 and case 2. Fig. 6 presents the comparison of the numerical free
surface elevation η over time t for the diﬀerent wave gauges located around the cylinder. Fig. 6 (a) shows the results
for case 1. It is clearly observed from Fig. 6 (a) that the maximum free surface values for the wave gauge located in
front of the cylinder (WG1) are higher than the free surface values for the wave gauges located behind (WG2) and
beside (WG3) the cylinder due to wave-cylinder interaction. A similar behaviour is shown by the case 2 with H =
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(a) Free surface elevation at t = 1.58 s (b) Free surface elevation at t = 1.84 s
Fig. 7: Free surface elevation (m) for a single time step for H = 0.0050 m and T = 1.2 s
(a) Free surface elevation at t = 1.58 s (b) Free surface elevation at t = 1.84 s
Fig. 8: Free surface elevation (m) for a single time step for H = 0.050 m and T = 1.2 s
0.050 m and T = 1.2 s in Fig. 6(b). In order to investigate the behaviour of free surface elevation around the cylinder,
top view of the NWT for the free surface elevation is presented for one time step in Figs. 7 and 8. Fig. 7 shows the
results for the case 1. The bending of the wave front is seen around the cylinder due to superimposition of incident
and diﬀracted waves. Fig. 8 shows the results for case 2. It is seen that for the waves with higher steepness, waves
around the cylinder show a semi-circular pattern after interaction with the cylinder which is due to wave diﬀraction.
The free surface elevation decreases after interacting with the cylinder. It is noticed that the diﬀraction pattern is more
developed for the waves with higher steepness due to non-linearity of the waves.
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Fig. 9: Comparison numerical wave spectral density (m2/Hz) distribution with the theoretical wave spectral density over a frequency range (Hz)
for Hs= 0.03 m, Tp = 1.0 s
3.2. Irregular wave propagation and irregular wave force on a vertical large cylinder
3.2.1. Irregular wave propagation
Numerical simulations are conducted for irregular waves without any structure for three diﬀerent grid sizes. A
signiﬁcant wave height Hs = 0.03 m and a peak period Tp = 1.0 s (case 3) are chosen for the simulations. A two-
dimensional NWT 24 m long and 1 m deep is used with a water depth d = 0.5 m. Simulations are performed for
three diﬀerent grid sizes dx = 0.10 m, 0.05 m and 0.025 m for a simulation duration of 500 s. The number of wave
components used are 499. The sampling interval is 0.02s and the raw wave spectra plotted without any smoothening.
Figs. 9, 10 and 11 present the comparison of numerical wave spectral density distribution with the theoretical wave
spectral density over a frequency range from 0 Hz to 3 Hz for dx = 0.01 m, 0.05 m and 0.025 m, respectively.. The
results are shown for two wave gauges located at x = 2 m and 8 m. It is observed from Fig. 9 that the computed
spectral densities for dx = 0.10 m show large ﬂuctuations around the peak and in the higher frequency range. In the
case with grid size dx = 0.05 m, a better match and less ﬂuctuations to the numerical spectrum are observed in Fig.
10. However, some high peaks can still be observed in the Fig. 10. Fig. 11 presents the results for the ﬁnest grid size
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Fig. 10: Comparison numerical wave spectral density (m2/Hz) distribution with the theoretical wave spectral density over a frequency range (Hz)
for Hs= 0.03 m, Tp = 1.0 s
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Fig. 11: Comparison numerical wave spectral density (m2/Hz) distribution with the theoretical wave spectral density over a frequency range (Hz)
for Hs= 0.03 m, Tp = 1.0 s
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Fig. 12: Numerical wave spectral density (m2/Hz) distribution over a frequency range (Hz) for Hs= 0.05 m, Tp = 1.2 s, dx = 0.025 m (case 4)
dx = 0.025 m. It is noticed in Fig. 11 that the computed numerical spectrum gives a relatively smooth spectrum and it
matches well with the theoretical spectrum. It should be noticed that for all the grid sizes, the shape of the numerical
spectrum is well predicted by the numerical model as compared with the theory. The grid size dx = 0.025 m is chosen
for all further simulations.
3.3. Irregular wave forces on a vertical cylinder
The interaction of irregular waves with a large vertical cylinder is investigated. The NWT used is 18 m long, 5
m wide and 1 m deep with a water depth d = 0.5 m. The irregular waves used in the simulation have a signiﬁcant
wave height Hs = 0.05 m and a peak time period Tp = 1.2 s (case 4) with grid size of dx = 0.025 m. Fast fourier
transformation (FFT) is used for the transformation of free surface elevation and force to the wave spectral density
and force spectrum, respectively. The sampling interval is 0.02 s and the non-smoothened wave spectra are plotted.
The duration used for the simulation is 500 s.
Fig. 12 presents the spectral wave density for the diﬀerent wave gauge locations around the cylinder over a frequency
range for case 4. Fig. 12 (a) shows the numerical results of the free surface elevations for the wave gauge located
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Fig. 13: Numerical irregular wave force on a vertical cylinder for Hs= 0.05 m, Tp = 1.2 s, dx = 0.025 m (case 4)
in front of the cylinder. It is observed from the Fig. 12 (a) that the numerical wave spectrum is slightly narrower as
compared to the JONSWAP spectrum in front of the cylinder. Fig. 12 (b) shows the numerical results for the wave
gauge located behind the cylinder. The wave spectrum shows a peak value lower than shown in Fig. 12 (a) and the
numerical spectrum becomes even narrower. Also, the location of peak is slightly shifted towards the lower frequency
range. Table.2 presents the comparison of the statistical parameters for the wave gauges located in front and behind
the cylinder.
Table 2: Statistical parameters for wave energy spectrum for wave gauges located in front and behind the cylinder
Statistical Parameters WG located in front of the cylinder, H WG located behind the cylinder, H
Variance(m2) 0.000144 0.000060
Hs(m) 0.048 0.031
Hmax(m) 0.084 0.054
Hrms(m) 0.034 0.022
Hm(m) 0.030 0.019
Tp(s) 1.20 1.30
Fig. 13 presents the numerical wave force and surface elevation results. Fig. 13 (a) shows the irregular wave
force over time. Fig. 13 (b) shows the wave surface elevation over time. It is noticed from Figs. 13 (a) and 13(b)
that the wave force and wave surface elevation values are synchronised with each other over time. Fig. 13 (c) shows
the distribution of force spectrum in N2/Hz over a frequency range (Hz) from 0 Hz to 1.5 Hz for theoretical and
numerical results. It is noticed that the location of the peak frequency is similar in both wave and force spectra.
Theoretical force spectrum is calculated using the autocorrelation approach given by Borgman et al, (1967b) [24]
which is further explained in Sarpakaya et al., (1981) [1]. Table.3 presents the comparison of statistical parameters
for wave force spectrum for the theoretical and numerical results. Statistical parameters in both time and frequency
domain are calculated for the numerical results . A good agreement between the theoretical and numerical values is
seen.
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(a) Free surface elevation at t = 1.58 s (b) Free surface elevation at t = 1.84 s
Fig. 14: Free surface elevation (m) for a single time step for Hs = 0.05 m and T = 1.2 s
Table 3: Comparison of numerical statistical parameters for wave force spectrum with theory
Statistical Parameters Theory, F (kN) Numerical (Frequency-domain), F (kN) Numerical (Time-domain), F (kN)
Fs 1.777 1.754 1.762
Fmax 3.131 3.090 3.105
Frms 1.256 1.240 1.245
Fm 1.110 1.096 1.101
Fig. 14 presents the free surface during the irregular wave interaction with a vertical cylinder. It is observed that
the surface elevation increases as the wave interacts with the cylinder and decreases after the interaction. Also, an
irregular water free surface with the diﬀerent wave heights can be seen in Fig. 14. The diﬀraction pattern for irregular
waves is less developed compared to the regular waves. A regular wave train consists of waves with same wave height
and period. Thus, the diﬀraction pattern is more clear, regular and developed . On the other hand, in an irregular wave
train, waves with diﬀerent wave heights and periods are present. The super-positioning of the incident and diﬀracted
irregular waves leads to irregular and less conspicuous diﬀraction pattern around the cylinder. For the research, it
is required to study the irregular wave interaction and corresponding free surface features for higher order irregular
waves with higher wave steepnesses.
4. Conclusions
The numerical model REEF3D is used to model the regular and irregular waves forces. The numerical model is
validated with theory for a wave tank without any structure for both regular and irregular waves. The regular wave
tests are conducted with two diﬀerent wave steepnesses. A grid reﬁnement study is performed in order to study the ef-
fect of the grid size on the numerical results. Further, the numerical simulations are conducted with a vertical cylinder
for wave force calculation in the wave tank for both regular and irregular waves. The MacCamy-Fuchs theory over
predicts the magnitude of wave forces for the case with higher wave steepness. The pattern of the diﬀraction diﬀers
with the wave steepness. In the case with the lower wave steepness (linear waves), diﬀraction pattern is observed
by the bending of wave fronts. While, the diﬀraction pattern the case with the higher wave steepness (Second-order
Stokes waves), diﬀraction pattern is observed by the semi-circular wave fronts around the cylinder. For the irregular
waves, the diﬀraction pattern is less developed and irregular. Overall, the numerical model REEF3D gives a good
insight into regular and irregular wave interaction with a large vertical cylinder.
516   Ankit Aggarwal et al. /  Energy Procedia  94 ( 2016 )  504 – 516 
Acknowledgements
The research work has been funded by the Research Council of Norway through the project ”Hydrodynamic Loads
on Oﬀshore Wind Turbine Substructures” (project number: 246810). The authors gratefully acknowledge the com-
puting time granted by NOTUR (project number: NN2620k).
References
[1] Sarpkaya, T., Issacson, M.. Mechanics of wave forces on oﬀshore strucrures. Van Nostrand Reinhold Company 1981;.
[2] Tørum, A., Skjelbreia J., E.. Irregular water wave kinematics. NATO ASI Series 1990;178:281– 295.
[3] Onoratoa, M., Osbornea A., R., Serioa, M., Cavalerib, L., Brandinic, C., Stansbergd C., T.. Extreme waves, modulational instability and
second order theory: wave ﬂume experiments on irregular waves. European Journal of Mechanics - B/Fluids 2006;25(5):586–601.
[4] Beji, S., Battjes, J.. Experimental investigation of wave propagation over a bar. Coastal Engineering 1993;19:151–162.
[5] Goda, Y., Suzuki, Y.. Estimation of incident and reﬂected wave in random wave experiment. Coastal Engineering 1976;.
[6] Ohl C., O.G., Taylor P., H., Taylor R., E., Borthwick, A.G.L.. Water wave diﬀraction by a cylinder array. part 2. irregular waves. J Fluid
Mech 2001;442:33–66.
[7] Westphalen, J., Greaves, D.M., Williams, C.K., Taylor, P.H.. Extreme wave loading on oﬀshore wave energy devices using cfd. In
Proceedings of the 8th Euro- pean Wave and Tidal Energy Conference 2009;.
[8] Hu, Z.Z., Causon, D.M., Mingham, C.G., Qian, L.. Numerical simulation of ﬂoating bodies in extreme free surface waves. Natural Hazards
and Earth System Sciences 1985;11:519–527.
[9] Dixon, A.G., Greated, C.A., Salter, S.H.. Wave forces on partially submerged cylinders. Journal of the Waterway Port Coastal and Ocean
Division 1979;105(4):421–438.
[10] Alagan Chella, M., Bihs, H., Myrhaug, D.. Characteristics and proﬁle asymmetry properties of waves breaking over an impermeable
submerged reef. Coastal engg 2015;100:26–36.
[11] Kamath, A., Chella A., M., H., B., Arntsen A., Ø.. Cfd investigations of wave interaction with a pair of large tandem cylinders. Ocean
Engineering 2015;108:738–748.
[12] Kamath, A., Chella A., M., H., B., Arntsen A., Ø.. Upstream and downstream cylinder inﬂuence on the hydrodynamics of a four cylinder
group. Journal of waterway, port, coastal, and ocean engineering 2016;.
[13] Chorin, A.J.. Numerical solution of the Navier-Stokes equations. Mathematics of Computation 1968;22:745–762.
[14] Van der Vorst, H.. Bi-gstab: A fast and smoothly converging variant of bi-cg for the solution of nonsymmetric linear systems. SIAM J Sci
Stat Comput 1992;13:631–644.
[15] Jiang, G.S., Peng, D.. Weighted ENO schemes for Hamilton Jacobi equations. SIAM Journal of Scientiﬁc Computing 2000;21:2126–2143.
[16] Harten, A., Engquist, B., Osher, S., Chakravarthy, S.. Uniformly high-order accurate essentially non-oscillatory schemes iii. Journal of
Computational Physics 1987;71:231–303.
[17] Griebel, M., Dornseifer, T., Neunhoeﬀer, T.. Numerical Simulations in Fluid Dynamics. SIAM; 1998.
[18] Berthelsen, P.A., Faltinsen, O.M.. A local directional ghost cell approach for incompressible viscous ﬂow problems with irregular boundaries.
Journal of Computational Physics 2008;227:4354–4397.
[19] Wilcox, D.. Turbulence modeling for cfd. DCW Industries Inc La Canada, California 1994;.
[20] Osher, S., Sethian, J.A.. Fronts propagating with curvature- dependent speed: Algorithms based on hamilton-jacobi formulations. Journal of
Computational Physics 1988;79:12–49.
[21] Larsen, J., Dancy, H.. Open boundaries in short wave simulations-a new approach. Coastal Engineering 1983;7:285–297.
[22] MacCamy, R., Fuchs, R.. Wave forces on piles: A diﬀraction theory. US Army Corps of Engineers Beach Erosion Board, Technical
Memorandum no 69, Washington DC, USA 1954;.
[23] Mo W., I., K. Oumeraci, H., Liu, P.. A 3d numerical model for computing non-breaking wave forces on slender piles. J Eng Math
2007;58:19–30.
[24] Borgman, L.. Spectral analysis of ocean wave forces on piling. Journal of waterway and harbour div, ASCE 1967b;93(2):129–156.
